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Introduction
Landscapes, and in particular those affected by human action, are characterised by linear habitat structures. Fencerows, river and road banks, hedgerows, railwaylines, dikes, ditches, powerlines, and herbaceous and shrubby strips created specifically for wildlife management purposes are referred to as line corridors or habitat corridors (Forman and Godron 1986, Bennett 1990a) . The ecological function of these linear habitats in landscapes has been of main consideration in environmental management (Bennett 1990a , Hobbs 1992 , with the emphasis put on the role of linear habitats as dispersal corridors (Eldridge 1971 , Wegner and Merriam 1979 , Forman and Godron 1986 , Bennett 1990b ). However, linear habitat structures may contain potential resources for long-term survival and reproduction as well. Although several studies have indicated that linear habitats may be inhabited by several species (Pollard and Relton 1970 , Eldridge 1971 , Yahner 1983 , Bennett 1990b , it is not known what characterises animal populations occupying linear habitats permanently. We here describe demography and spatial organization in a population of root voles Microtus oeconomus (Pallas, 1776) naturally established in a linear habitat. We also present the results from a preliminary study of linear habitats as experimental areas, where we performed a short term removal and reintroduction of every second female and male in the linear habitat. Given that daily contact between individuals were necessary to keep home range borders, our expectations were that animals would expand their home ranges when neighbours were removed and contract their home ranges when animals were reintroduced due to intruder pressure.
Material and methods
This study was carried out from July 31 to October 20, 1991 on a part of the experimental area at Evenstad Research Station in Hedmark County, SE Norway, named the E-grid (Fig. 1) . The E-grid was enclosed by a wire-mesh fence extending 1.5 m above and 0.2 m under ground level, equipped with an electrical wire at the top to exclude all mammalian predators. The inner fence, consisting of a solid metal sheet extending 0.6 m above and 0.4 m under ground level and impossible for voles to penetrate, enclosed 7 study plots on the experimental area. The fenced area had been naturally colonised by root voles prior to this study. Owing to the wire-mesh fence root voles below 35 g could move freely through the fence. The area was probably colonised during the preceding winter or spring. The decision to use this setting as a basis for a scientific study was, however, not taken until the end of June when a preliminary live trapping session showed that the E-grid contained a resident population of root voles. Almost all females inhabiting the E-grid in June was observed with open pelvis indicating that they had given birth to at least one litter.
The final study plot, the E-grid, was enclosed by solid metal sheet fences on July 31 (see legend to Fig. 1) . The E-grid area, now a narrow enclosed strip of habitat (560 x 1.5 m), contained 15 mature females and 6 mature males which made up the study population. A vegetation analysis at the end of the study revealed that about half of the E-grid consisted of a varying, but scarce, vegetation cover of grass and herbs, whereas the other half consisted mainly of grass. A small area in the middle contained no vegetation owing to work with the fencing. No other microtine species were present on the E-grid.
Fifty-eight multiple capture live traps were evenly spaced along the study area (Fig. 1) . Five trapping sessions were conducted after enclosure of the E-grid from July 31 until October 19, each
Inner fence
Outer fence Fig. 1 . A sketch of the experimental area of the Evenstad Research station, depicting the history of the E-grid. The outer fence is a wire mesh fence with electric wires on the top, while the inner fence surrounding the seven main experimental plots (nos 1-7), and fences A, B, C and D (thick lines) are made of solid steel sheets. Fences A, B and C were set up on June 25, while fence D was set up on July 31. The small dots indicate positions of live traps in the E-grid, ie the study area used in the present study. consisting of 5-9 trap checks. One trapping session was performed just outside the semipermeable fence at the end of the study period (October 18 and 19, two trap checks) to check whether young animals marked inside the E-grid had established on the outside. Individual identification, sex, reproductive status and weight were monitored at each capture. We measured reproductive activity by registering pregnancies, and the success of delivered litters by the capture of juveniles (animals below 22 g).
On August 12, the trapped animals (ie 9 and 3 reproductive active females and males, respectively) within the fenced area were equipped with radio-collars (Biotrack, England). The last 3 animals (a female and 2 males) were radiotagged on August 15. The animals were given two days to adjust to the transmitter before we started to track them on August 14 by positioning the animal with an omnidirectional antenna when walking outside the fence (see Andreassen et al. 1993) . Radiotracsing was performed by tracking all individuals every two hours from 09.00 in the morning till 21.0) in the evening. Each animal was positioned to the nearest 1.5 m, and only the position of the animal along the longitude (ie only one coordinate axes) of the study area was monitored. See Table  1 and legend to Fig. 3 for tracking days and sample sizes.
The removal experiment
During the removal experiment, 12 females and 5 males inhabited the study plot. However, due to death events (see below), and because one transmitter equipped on a female failed, the experimental study consisted of 10 females and 5 males.
The study procedure for the removal and reintroduction experiment is summarised in Table 1 . After a premanipulation period with two days of tracking, the population was divided into four groups based on the sequential position of females and males in the linear habitat (see also Fig. 3 and 4): FI -every second female living along the study plot, FII -the other half of the females, MI -every second male living along the study plot, Mil -the remainder of the males.
The experimental procedure consisted then of a period of female manipulations were we first removed FI individuals for two days. The animals removed were kept in separate cages outside the study plot with surplus food and water supply. After an adjustment period of one day, the remaining animals were radio-tracked on the second day after the removal of FI. After terminating the radiotracking the second day at 21.00 hours FI females were reintroduced at the place they were removed two days earlier. Thereafter the population was allowed to readjust for one day followed by one day of radio-tracking with all animals present. The same experimental procedure as conducted for FI (removing and reintroducing) was then repeated for FII.
Male manipulations started on August 26 by the removal of MI males, whereafter we carried out the same procedure with the males as done for females (see Table 1 for study procedure). At the end of the study the Mil group was not reintroduced. Rather, we continued to track the two males belonging to group MI 2-3 times a day for six days (September 3-8), to get an indication on how long time they eventually needed to respond to the removal of neighbours. Sixteen radiotracking observations randomly spread in time (2-3 per day), but within 09.00 and 21.00 hours, were made this period. Likewise, we radiotracked the animals 14 times after reintroducing the Mil males, during the period September 9-14.
Analyses
For a description of spatial organization of the population, home range sizes were estimated for three two-day periods (14 fixes) without any removals (19) (20) (23) (24) as the longest distance between tracked positions multiplied by 1.5 m (ie the width of the study area). However, due to the small number of observations per day, and the short period of time (2 days) we also estimated home ranges for the total radiotracking period from August 14 until September 2 (whereafter the Mil males were kept out of the study area, and only males were tracked; Table 1 ) for females and males (including periods of removals), and the total period prior to male removals (August 14-24) for males.
For the removal experiment we estimated daily home range sizes consisting of only one day (second day after removal/reintroduction) and thus only 7 observations, which are normally too few to get robust and unbiased estimates of home range size. However, as our estimates are based on space use in an one dimensional system rather than space use along two dimensions, we assumed that fewer observations than normal would be enough for a rough description of space use. While our estimates might be biased downwards, the increase in home range size when including fixes over several days (7-90 fixes) of monitoring was generally slow (Fig. 2) . Further, as our estimates are to be used to compare daily home ranges monitored in the same manner only, very accurate estimates of home range sizes are not needed.
Statistical comparisons of daily home ranges before and after manipulations (removals/reintroductions) were performed by the use of bootstrapping techniques (Efron and Tibshirani 1993) . Sampling distributions of daily space use estimates were obtained as follows: from the 7 fixes per day per individual we bootstrapped (drew by random and with replacement) a sample of size 7 {n = 7), and estimated the home range size and core areas for the bootstrapped sample. This procedure was repeated 100 times for each individual range. Mean home range size, mean core area, and their respective errors (95% confidence intervals) were then estimated from the 100 simulated samples. An indlivHual's range was then assumed to have changed if 95% confidence intervals of two bootstrapped sarcnplis did not overlap.
Results

Demographic background
Fiorn an initial number of 15 mature females and 6 mature males in the E-grid, there was a steady decrease in the number of mature animals during the study period, leaving 8 mature females and 4 mature males in the last trapping period (Tabte 2). Two females died in a trap accident between trapping period 1 and 2 which explains the decrease from 15 to 13, one radiocollared female was found dead between trapping periods 2 and 3 and one between periods 3 and 4. There were no external signs of violence on any of the animals found dead.
B?.sed on detected pregnancies we estimated that individual females gave birth to 1." litters (range: 1-3) during the 81 days the study lasted. We captured and marked 28 juveniles in the same period. Only five of these were captured more than once, and no juvenile was ever captured in more than one trapping period inside the E-grid (Table 2) . Three out of 8 juveniles captured outside the fenced area at the end of the study period had been trapped and marked inside the fence earlier. Hence, despite decreasing numbers of adults within the E-grid no immigration occurred from outside the fence, and no juveniles born inside the fenced area established there.
Spatial organization
Home range sizes were fairly stable from August 14 till September 2. (Figs 2,  3, and 4) from 56-63 fixes had a median of 123 m (range: 74-212 m ). All these home range estimates were much lower than any previously published home range estimate of reproductively active root voles (Table 3 ). All females had some part of their home range overlapping at least one other female during the entire study period from August 14 -September 2 (see total in Fig. 3 ). However, for the two-day estimates of home range only 16 out of the 50 home ranges estimated overlapped another female home range. The number of overlapping females decreased from 8 prior to any manipulation to a maximum of 4 after the first removal (Fig. 3) . No incidence of overlap between males was observed before the manipulation of male density (Fig. 4) . When combining all radiotracking data from the period before male manipulation (56-63 observations), home range borders between males were contiguous, but did never overlap. In the period after the onset of male removals, there were some changes in home range size (see below). However, when combining all radiotracking data until September 2 still only one male, which had the smallest male home range before male removals had increased its home range, and thus overlapped 3 other males. Table 3 . Mean size (m~) of female and male home ranges of root voles. Only the present study was conducted in a linear habitat. The home range sizes presented are: the medians (range) for the entire study period August 14 -September 2 for the present study, mean (range) for females and the minimum value for males presented in Tast (1966) , and mean (± SE) for the other studies. Tast (1966) estimated home range size from trapping data by the use of the boundary strip method (Stickel 1954) . All other studies have used radiotelemetry to estimate the home ranges, Ims et al. (1993) by the use of the 95% multinuclear probability polygon (Kenward 1987) , all other studies by the use of outer convex polygon. The vegetation cover was spatially variable, which probably caused a significant preference among females for the area containing both graminids and herbs compared with the area with just graminids (binominal test under the null hypothesis that females were distributed independently of vegetation cover, p = 0.02), and only two females were resident on the part of the E-grid containing mainly graminids. It was also these two females that usually had the two largest daily home ranges (Fig. 3) .
Removal experiment
The stability of daily home ranges was checked by comparing the size distributions (generated by bootstrapping) of individual home ranges at August 14 and August 16 (ie before any removal). Of the 9 females and 3 males radiotracked during these two days (see Table 1 ) one female and one male (16% of the total animals tracked) changed their home range size. Hence, a certain, but probably small, proportion of home ranges showed a normal fluctuation in size from day to day in this system.
During each of the two female removal periods, 1 out of the 5 remaining females (a total of 2 out of 10 comparisons) decreased her home range size significantly compared to the daily home range size before manipulations (August 16). After reintroducing the females, 1 out of 5 (FII females) increased and 1 out of 5 (FI) decreased her daily home range size significantly compared to the period when they were alone (August 18 and 22, respectively). Thus, in total females changed their home range size in 4 out of 20 comparisons (20%), which is not different from what was found in the premanipulation period (% = 0.01). In only one out of the 4 occasions of home range change a female changed her home range in accordance with our expectations; ie decreased after reintroduction of neighbouring females, whereas 3 females changed their home ranges counter to our expectations; either by expanding their home range after reintroduction of neighbours, or decreasing their home ranges after removal of neighbours.
After the first removal of males (removal of MI), 1 out of 3 remaining males (Mil males) increased his home range size significantly compared to the daily home range size before manipulations (August 16), but none of the 3 Mil males changed their daily home range size significantly after reintroduction of MI (August 28). After the second removal of males, 1 out of the 2 remaining males (MI males) increased his home range size significantly compared to the daily home range size before manipulations (August 16). As MI males were kept out and not reintroduced until September 9, both Mil males increased their home range size significantly during the period from September 3 to September 8, compared to before manipulations (August 16). Mil males were first reintroduced on September 9 (removed for 10 days). After reintroducing Mil males, 1 out of the 2 MI males decreased daily home range size significantly compared to when MI males were alone (September 3-8).
Thus, in total males changed their ranges in 2 (25%) out of 8 comparisons made with respect to the two days removals/reintroductions. This was not different from the total number of changes occurring in equivalent premanipulation comparisons = 0.05). The two changes occurring were, however, consistent with our expectations. The two males subject to a long term removal of neighbours, both increased their home ranges as expected, and one decreased as expected after reintroductions.
Discussion
We have studied a naturally established population of root voles inhabiting a fenced, linear area. Despite the fencing we think our system resembles natural linear, hard edged (sensu Stamps et al. 1987 ) root vole habitats. Root voles are commonly found in strips of river-side vegetation, road banks and along ditches (Tast 1966 (Tast , 1968 . In fact among the microtines, the root vole may be one of the species most adapted to live in linear habitats. Our study population was reproducing and all females gave birth to at least one litter during the study period. The reproductive success was difficult to estimate in this study, because juveniles probably escaped through the fence before being trapped, and because our removal manipulation certainly interfered with reproduction during the latter half of August. Among the juveniles that were captured and marked within the E-grid, none established themselves as reproductive adults there, but probably dispersed through the semipermeable wire fence to areas outside the grid. Moreover, there was no recruitment from areas outside the fence.
The monitoring of space use of individual root voles in the linear habitat yielded two interesting results. First, both male and female home range size were dramatically smaller (approximately an order of magnitude) than what has been observed for root voles in non-linear habitats, even though the present study contained many more observations per individual than other published studies on root vole home range (see Table 3 ). The shape of the environment may have important implications for the costs associated with resource acquisitions. For a given resource density, living in a linear habitat involves longer movements per food item than when movements in several directions are possible. Other possible mechanisms underlying the extremely small home range sizes observed in this study may be related to the social interaction that are specific to linear habitats. This latter possibility is related to our second main result from the space use analyses, the low degree of male home range overlap.
Male root voles usually show some degree of intrasexual overlap in home ranges (Tast 1966 , Lambin et al. 1992 . The totally exclusive home ranges among males before male removals observed by us in the linear habitat indicate that territoriality (degree of exclusive use of space, sensu Pitelka 1959) may be more pronounced in this linear situation. Territoriality may, in terms of cost--benefit consideration, be more feasible in a linear than in a non-linear habitat, since the defenceability of a home range within a linear habitat may be higher. Two important determinants of home range defenceability will be lower than in a spacing system with a higher interior to edge ratio: the number of neighbours and the total length of border lines between neighbouring territories. This should decrease the territory threshold (Carpenter and McMillan 1976) in a linear habitat.
For birds, which maintain territory borders by vocalisation and direct confrontations, it has been shown by means of short-term removal experiments that territory borders are dynamic with respect to intruder pressure (eg Newton 1992 and references therein). Here, home ranges were exceptionally stable even when increasing sample size from 7 to 90 observations, over a period of 20 days, and despite continuous disturbance of the population by removals. The small sample sizes and the short term removal of the removal/reintroduction experiment do not permit firm conclusions. The few and moderate space-use changes observed do not support the hypothesis that territory borders are maintained by frequent direct interactions (eg aggressive defence) in root voles. However, home ranges were exceptional stable which may indicate that animals were observed at their home range borders daily. Although removal experiments of this kind have rarely been done for mammals, some other studies have reached similar conclusions, ie that there is a low degree of direct confrontations on home range borders. McShea (1990) showed that male meadow voles Microtus pennsylvanicus increased their home ranges within 24 h of removal of nestmates, whereas females did not. Price et al. (1986) and Klenner (1991) did not observe expansion of territories in squirrels subject to removal of neighbours (see also Larsen and Boutin 1995) . Finally, a study on foxes (White and Harris 1994) indicated that direct encounters were relatively unimportant in territory defence. Thus, intruder pressure may not have the same immediate effect on home range size for mammals as for birds.
Conclusion
The two most marked attributes observed in our linear root vole population were the small home range sizes and the absolute emigration of young individuals. Given the increasing importance of linear habitats in conservation of wildlife especially in urban and agricultural landscapes, we believe that our results may have bearing on the question whether corridors functions as links or sinks in such landscapes. Our results must be considered as preliminary and further studies are needed. In addition to the importance of linear habitats to conservation of populations, our study demonstrates the applicability of linear habitats as useful experimental model systems for exploring mechanisms underlying the spacing of individuals in a population.
